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In contrast to freshly isolated cells, some cultured 
keratinocytes have the ability to adhere and spread in 
protein-free media. Reported here are experiments test-
ing the hypothesis that the social history of keratino-
cytes influences their ability to spread in defined media. 
The experiments indicate that confluent cells lack the 
ability to spread in defined media while subconfluent 
cells have this property. The inability of dissociated 
confluent cells to spread in protein-free media is re-
ferred to phenomenologically as a "confluent block." The 
confluent block is acquired rapidly (1-3 days) and lost 
slo'WIY (5-7 days). The ability of subconfluent cells to 
spread in the absence of media protein is sensitive to 
cycloheximide. Aortic endothelial cells and dermal fi-
broblasts do not demonstrate a confluent block. These 
observations are consonant with a two-step mechanism 
of epidermal wound repair: the first occurs immediately 
after 'WOunding during which the cells require substra-
tum-active proteins, and the second occurs 5-7 days 
later vvhen the cells are able to synthesize their own 
substratum. 
A complete understanding of cutaneous wound closure re-
quires elucidation of the mechanisms of keratinocyte spreading. 
The central feature of the spreading phenomenon is the inter-
action of keratinocytes with an appropriate substratum. Pre-
vious tissue culture experiments have shown that epidermal 
cells adhere and spread on proteins purified from serum, base-
ment membranes, and interstitial tissues. Such proteins include 
collagen types I and IV, laminin, and epibolin [1-4]. In our 
studies on the protein dependence of epidermal cell spreading 
we found that cells freshly derived from animal skin did not 
spread in protein-free (i.e., basal) medium but did spread when 
they were exposed to an appropriate protein either on the 
substratum or in the medium [4]. We report here that, in 
contrast to freshly isolated cells, keratinocytes from certain 
cultures are able to spread to some degree in basal medium. We 
have previously noted that population dynamics and growth 
parameters of normal epidermis are more faithfully reproduced 
in confluent keratinocyte cultures than in subconfluent cultures 
[5] . Furthermore, responses of the epidermis to exogenous 
stimuli are more closely duplicated in confluent keratinocyte 
cultures than in subconfluent cultures [6,7]. Thus, to explain 
the apparent discrepancy in the spreading behavior of freshly 
isolated keratinocytes and cells from certain keratinocyte cui-
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tures, we hypothesized that the difference was due to the social 
history of these cells-confluent growth in the former and 
subconfluent growth in the latter. This report describes exper-
iments in support of this hypothesis and suggests a two-phase 
mechanism of epidermal wound closure. 
MATERIALS AND METHODS 
Human foreskin keratinocytes were isolated and cultured in medium 
containing 20% fetal bovine serum and 0.4 !Lg/ ml hydrocortisone on 
plastic dishes pretreated with irradiated 3T 3 cells as previously de· 
scribed [7] . Keratinocytes (2 X 105) formed a confluent epithelium after 
14- 20 days of cultu re. Confluen t cultures were passaged 1 week after 
becoming confluent into dishes conta ining freshly irradiated 3T3 cells. 
At least 5 separate keratinocyte cell strains were used in the experi· 
ments described here. 
Cultures were judged subconfluent if epidermal cells covered no more 
t han 75% of the tissue culture dish. Cul tures were judged confluent 
when the whole dish was covered by epidermal cells. Confluen t cultures 
were assayed more than 2 weeks after reaching confluence. Spreading 
was assayed in Dulbecco's modified Eagle's medium (DME), DME + 
hydrocortisone (hydrocort, 0.4 !Lg/ml) , and DME + hydrocort + fetal 
calf serum (FCS, 10%). Assays were performed in hydrocortisone-
contai ning media because the cells were grown in such media. The data 
do not support the notion that hydrocortisone influences the spreading 
phenomenon measured here. Cells prepared for the spreading assay 
were stained for keratin proteins by the immunofluorescence proce-
dures of Madri and Barwick [8] and Franke et al [9] . Antibodies to 
bovine hoof keratin (courtesy of W. W. Franke) , human sole keratin 
(courtesy of J. A. Madri), and bovine esophageal keratin (Milstone, 
unpublished) a ll demonstrated that > 90% of attached cells from sub-
confluent and con fluen t cultures were keratin-positive. 
The assay for cell spreading was performed as previously reported 
[4]. Briefly, the cells were uplifted by incubating the culture in calcium -
and magnesium-free Tyrode's solution plus EDTA with 0.5% trypsin 
(Gibco) for 15 min at 37"C and the cells were washed in Dulbecco's 
modified Eagle's medium (DME, with glutamine, Gibco) without serum 
but with soybean trypsin inhibitor (1 mg/ml, Sigma Chemical Co.) and 
plated onto 35 X 10 mm tissue culture dishes (Costar, Cambridge, 
Massachusetts) at a concentration of 1- 2 x 105 cells per dish (hemo-
cytometer count). After 2 h at 37"C the medium and unattached cells 
were discarded and the medium to be tested was added. Following 12-
14 h incubation (37"C) the dishes were stained with Giemsa and 
individual cells counted by light microscopy. The percentages reported 
represent the number of dissociated spread single cells divided by t he 
total number of attached single cells X 100. A cell was considered 
spread if it showed unequivocal cytoplasmic spreading in a radial or 
polar distribution [10]. 
RESULTS 
We tested the possibility that the social history of cells is an 
important factor in their ability to spread in defined media by 
studying one epidermal cell strain from its isolation through 
the second tissue culture passage. Cells obtained from subcon-
fluent and confluent cultures were tested for their ability to 
spread in basal media. These data are recorded in Table I. As 
observed with nonhuman epidermal cells [ 4], freshly isolated 
human foreskin keratinocytes did not spread in basal medium 
(a, Table I) though they did spread if serum were added. Parallel 
cultures were established from this strain of keratinocytes and 
allowed to grow for different lengths of time. Cell s from sub-
confluent cultures had the ability to spread in basal medium 
(b, Table I) but parallel cu ltures lost this property if they were 
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TABLE T. Spreading of dissociated human foreskin epidermal cells 
arising from growth at different cell densities and assayed in various 
media (i ± 1 SEM % [n}) 
Assay media 
State of previous DME+ growth DME DME+ hydrocort hydroco rt 
+ FCS 
Primary culture 
a. t., cells 0.5 ± 0.5 (4) 35 ± 1 (4) 
b. Subconfluent 38 ± 9 (5) 44 ± 7 (5 ) 42±2(5) 
c. Confluent l ± 0.4 (4) 0 ± 0 (4) 77 ± 3 (4) 
d. Confluent 0.3 ± 4 (4 ) 0 ± 0 (4) 24 ± 4 (4 ) 
First passage 
e. Subconfluent 13 ± 4 (3) 28 ± 2 (5) 81 ± 5 (3) 
f. Confluent 0 ± 0 (4 ) 5 ± 2 (5) 85 ± 2 (5) 
g. Confluent 3 ± J (6) 9 ± 4 (7) 84 ± 2 (4) 
Second passage 
h. Subcontluent 53± 4(4) 45± 4(4) 80 ± J (4) 
The results of a representa tive experiment are expressed as the average percent 
± 1 standard error of the mean (number of replicate assays) collected from at 
least 2 separate di shes. t0 cells refer to cells taken directly from the foreskin 
epidermis. Assay conditions a re desc ribed under MateriaL< and Methods. Experi -
ments Ia bled c and d, and f and g represent duplicate confluent cultures assayed 
l week apart. 
TABLE Il. Effect of confluent growth on the spreading behavior of 
nonepidermal cells (i ± 1 SEM % {n}) 
Ce ll type 
Calf aorta endo-
thelial 
Human foreskin 
fibroblast 
Previous 
state of 
growth 199E 
Confluent 97 ± 1 (3) 
Assay media 
199E + 199E + hydrocort 
hydrocort + FCS 
94 ± 5 (3) 100 ± 0.6 (3) 
Confluent 100 ± 0 (4) 100 ± 0.3 (4) 100 ± 0 (4) 
100 ± 0 (6) Confluent 100 ± 0.5 (5) 
Assay conditions for cell spreading in these experiments a re identical to those 
of Tab le l; however, t hese cells were grown in Earle's medium 199 (199E) 
(prepared by the Media Laboratory, Yale University, Schoo l of Public Health) 
plus 20% fetal calf serum and were assayed in J 99E. Cell cul tures were fed 
biweekly. The ca lf ao rta endotheli a l cell s were a gift of J. A. Madri and we re used 
at passage numbers I and 9. The human foreskin fib roblasts were a gift of .J . S. 
McG uire and were used at passage numbers 2 and 9. 
al lowed to become confluent (c and d, Table 1). The "confluent 
block" was released when the cells from confluent cultures were 
subcultured (e, Table I) but was reestablished when t he cultures 
again became confluent (f and g, Table I). Although there is 
considerable scatter of the data between experiments, the over-
all pattern is very clear: cells derived from subconfluent cultures 
spread in defined media while those derived from confluent 
cultures did not. Because this property of "confluent block" is 
reversible it cannot be ascribed simply to nonspecific tissue 
culture conditions, to a cell selection phenomenon inherent in 
the assay, or to "aging." It is best explained as a phenomenon 
induced by (or associated with) t he confluent state. That the 
phenomenon is not a property of all cell types studied in tissue 
culture is shown by data given in Table II. Attempts to induce 
t he confluent block in human foreskin fibroblasts or calf aortic 
endothelial cells showed that these cells spread as well in basal 
medjum as in serum-supplemented media. Although it is pos-
sible that the phenomenon described here is unique to kerati-
nocytes, its relevance to other cell types, especially other epi-
thelial cells, warrants further study. 
Other features of the induction and release of the confluent 
block were examined. We found that the confluent block (the 
inability to spread in basal medium) is slowly released on ly 
after 5- 7 days of growth in complete culture medium (Table 
III) . Conversely, the confluent block is rather rapidly induced. 
When subconfluent cells in a high concentration were added to 
tissue culture dishes (approximately 2 x 106 cells per 35 X 10 
mm dish) and grown in serum-containing medium, they lost 
their ability to spread in basal media within 1- 3 days after 
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TABLE III. Duration of confluent block 
Days after 
breaking confluence 
0 
1 
2 
4 
5 
7 
Percent of spread cells 
(x ± 1 SEM % In]) 
DME DME+ FCS 
5 ± 4 (13) 
4 ± 1 (9) 
14 ± 3 (12) 
33 ± 7 (7) 
47±4(4) 
74 ± 1 (4) 
83 ± 2 (13) 
62 ± 1 (8) 
75 ± 2 (14) 
83 ± 2 (7) 
69 ± 4 (4) 
83 ± 2 (4) 
Cells !'rom a confluent culture were made subconfluent and then 
resuspended and assayed for spreading at different times after plating. 
Cells were grown in DME + hydrocortisone (0.4 l'g/ml) + FCS (10%) 
and spreading was assayed as described above. One confluent culture 
was split at a 1:4- 1:6 fold dilution in 35 X 10 mm tissue culture dishes. 
At indicated times the cells were uplifted with trypsin (0_5%) as 
described under MateriaL~ and Methods, rinsed in DME + soybean 
trypsin inhibitor (1 mg/ml DME) and assayed. 
TABLE IV. P rotein synthesis and the spreading of di.~socioted 
su.bconfluent epidermal cells 
a. DME 
Exp 1 
Exp 2 
Assay media 
b. DME + hydrocort + FCS 
Exp 1 
Exp 2 
c. DME + Cyclo 
Exp 1 
Exp 2 
d. DME + Cyclo + hydrocort + FCS 
Exp 1 
Exp 2 
% Cells spread 
(x ± 1 SEM % In]) 
63 ± 1 (4) 
27 ± 2 (3) 
92 ± 2 (4) 
87 ± 2 (4) 
2 ± 1 (4) 
3 ± 0 (3) 
65 ± 1 (4) 
41 ± 3 (4) 
The effect of protein synthesis on the abi lity of subconfluent cells 
to spread in the absence of serum is recorded here in two separate 
experiments (Exp 1 and Exp 2). The subconfluent cultures (first 
passage) were grown, dissociated, and assayed, as described under 
Materials and Methods; however, where indicated, the cultures were 
preincubated in 50 l'g/ ml cycloheximide (Cyclo, Sigma Chemical Co_) 
for 14 h and assayed in media containing 50 !Lg/ml Cyclo. Under these 
conditions amino acid incorporation was blocked >90% as previously 
recorded [4]. In these experiments two sets of dishes from the same 
cell strain were incubated: one with control medium (DME plus 10% 
FCS) and one with cycloheximide-containing medium. After 14 h 
incubation the cells were dissociated and assayed for spreading. 
achieving morphologic confluence (data not shown) . The ability 
of subconfluent cells to spread in protein-free media is a func-
tion of protein synthesis. As shown in Table IV, when protein 
synthesis is blocked by cycloheximide, subconfluent cells lose 
the abi lity to spread in basal media. This observation suggests 
that the subconfluent cell has acquired the ability to synthesize 
a functional substratum protein or series of proteins. 
DISCUSSION 
One possible product, which the subconfluent cell might 
synthesize and which has been demonstrated to support epi-
dermal cell spreading, is fibronectin_ Indirect evidence in the 
literature indicates that fibronectin biosynthesis may be rele-
vant to the spreading of subconf1uent epidermal cells reported 
here. First, fibronectin has been observed to be synthesized by 
epidermal cells in vitro [11-13] and probably in vivo [14]. 
Second, some cell types, namely corneal epithelial cells, show 
enhanced spreading secondary to increased fibronectin synthe-
sis by the cells [15] _ Third, the synthesis of fibronectin in some 
tissue culture cells is affected by cell density [16]. Blenis and 
Hawkes [17], using chick embryo fibroblasts, found that fibro-
nectin was not detectable in the substrate-attached material of 
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confluent cells while it was readily demonstrated in the sub-
strate m aterial of subconfluent cells. Fourth, Clark et al [14], 
studying in vivo wound repair and using xenografts, found that 
resurfacing epidermal cells spread upon fibronectin which was 
antigenically typical of the recipient animal; however, 4 days 
after graft placement the resurfacing epidermis spread over 
fibronectin which was antigenically typical of the donor species. 
Direct evidence for t he role fibronectin plays in the phenomena 
described in t his paper is currently being sought. 
The observation in t his report that freshly isolated epidermal 
cells require protein-containing media in order to spread in 
vitro but acquire the abi lity to spread independent of media 
protein after 5-7 days of subconfluent ("wounded") growth has 
implications for the process of wound repair. Although corre-
lating in vitro observations with in vivo phenomena is parlous, 
the studies reported here and those of the literature suggest a 
two-step model of epidermal wound closure. The first step 
involves the response of confluent cells to injury (assuming 
that cells in situ are confluent in a way that is functionally 
related to t he state of confluence in vitro) . Cells freshly isolated 
[ro m epidermis or arising from confluent cultures will spread 
only if placed in a proper protein-containing medium or on a 
proper protein-coated substratum. This first phase of epidermal 
wound closure is dependent on the character of the protein 
rnillieux. The second step, which involves overcoming the "con-
fluent b lock" and assuming a subconfluent character, requires 
time for development and protein synthesis for expression. In 
this phase, as assayed in vitro, epidermal cell spreading appears 
to be independent of a specific protein substrate. Indeed, the 
cells appear to have acquired the ability to make their own 
substratum. Although we have argued above that that biosyn-
thesis may involve fibronectin, we are aware that these cells 
can also synthesize other macromolecular constituents of the 
basement membrane (e.g., [18]) . The mechanism by which 
confluence affects protein synthesis is not clear from our studies 
but a contact activated (or inactivated) gene or genes as dem-
onstrated in Dictyostelium discoideum [19] may be relevant to 
our system. That the adaptation phase takes about 5-7 days 
for t h ese epidermal cells (Table III) is particularly interesting 
in view of the in vivo wound closure studies of Clark eta! [14] 
which described fibronectin synthesis in the repairing graft 
only after a comparable t ime period. 
In summary, the experiments presented give evidence that 
epidermal cells grown in culture to confluence lack the ability 
to spread in protein-free medium. Subconfluent cells, in con-
trast, spread under such conditions. The loss of the confluent 
propert y (that is, the acquisition of the ability to spread in 
protein-free media) involves a period of adaptation and protein 
biosyn t hesis . We view this phenomenon as the release of a 
confluent block to cell spreading. These data are consonant 
with a two-step scheme of wound closure. In the first phase 
freshly separated (or wounded) confluent cells would depend 
on the milieux for the proper protein signal to spread. In the 
second phase the subconfluent cells would produce their own 
substratum proteins allowing them greater independence of the 
underlying protein surface and the wound environment. 
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